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ABSTRACT
Anthropogenic activities, such as uranium mining and the production of nuclear energy
and nuclear weapons, have led to significant uranium contamination of the environment,
leaving populations vulnerable to negative health effects. In order to effectively remediate
uranium contamination, the mobility of uranium in the environment and its natural attenuation
through sorption with active mineral phases, needs to be studied in depth first. This study aims
to determine how U(VI) mobility is affected by manganese oxides in the presence and absence of
siderophore Desferrioxamine-B (DFOB). Experiments focused on two common manganese
minerals, pyrolusite (β-MnO2) and manganite (γ-MnOOH).
Adsorption experiments with U(VI)-DFOB were performed with pyrolusite at pH 3.5, 6,
8. Control adsorption experiments were also performed with U(VI) and DFOB in order to
elucidate the role each component plays in the sorption process. The concentrations ranged from
6 µM to 78µM. For manganite, adsorption experiments were performed at pH 6 and 8 with
U(VI)-DFOB and with controls of U(VI) and DFOB and a comparison was drawn with the
corresponding values from pyrolusite.
For pyrolusite, the presence of DFOB largely increased the U(VI) adsorption for all pH
values. U(VI) adsorption increased as pH increased due to DFOB electrostatically adsorbing to
pyrolusite while complexed to U(VI). In addition, DFOB also adsorbed separately from U(VI)
leading to hydrolysis and degradation of the molecule that promoted dissolution of the mineral.
For manganite, U(VI) showed high adsorption levels in the control experiment, and these rates
were unchanged when DFOB was added, leading to the conclusion that DFOB does not affect
U(VI) interaction with that substrate. Also, DFOB showed lower adsorption and smaller amounts
of hydrolysis with manganite when compared to pyrolusite.
iii
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CHAPTER ONE: INTRODUCTION
1.1. Uranium
Uranium is a naturally occurring radioactive element, first discovered in 1789. The
radioactive nature of uranium was discovered by Henry Becquerel1 in 1896. Uranium exists
naturally as one of three isotopes; 238U is the most abundant isotope (99.2739-99.2752%) , 235U
is the second most abundant isotope (0.7198-0.7202%), and trace amounts of uranium exist as
234

U. Uranium exhibits a weak radioactivity and has a half-life of 4.46*109 years(238U)2.
Since its discovery, uranium has been used for many applications. Most notable of which is

in the commercial production of energy. Uranium nuclear reactors account for 14% of the
world’s electricity, with 20% of U.S. electricity is supplied by a total of 100 nuclear reactors3, 4.
To meet this demand for uranium, there is a reliance on mining methods in order to acquire
uranium from natural ores. The nuclear fuel cycle requires multiple steps, each of which
contribute to contamination in the soil or ground water. The first step is mining, which can be
done either on the surface, underground, or through solution mining. The process continues
through milling (physical extraction of uranium from the ore), enrichment (to reach 3.5-5% of
235

U), fuel fabrication, power generation, and storage and disposal of used fuel5.
Significant contamination has occurred as a result of the mining of uranium as well as its use

in various industries. Among the largest sources of this contamination is leaching from mine
tailings, natural deposits, uranium combustion products, emissions from the nuclear industry, and
corrosion of phosphate fertilizers containing uranium6-8. One notable contamination incident
happened on July 16, 1979. The Church Rock uranium spill resulted in 1100 tons of solid waste
and 93 million gallons of radioactive mill waste entering the Puerco River raising the
1

concentration of uranium to 7000 times the acceptable limit9. The World Health Organization
(WHO) lists the maximum acceptable concentration in water as 50 µg/ L10 and the tolerable daily
intake of soluble uranium at 0.6 µg/kg of body weight11. In addition to the intake of soluble
uranium, inhalation of respirable air-borne uranium can be a major pathway into the human
body12. Inhaled uranium (1-10 µm in size) can be retained in the lungs leading to lung cancer12.
Uranium has a high binding affinity for biomolecules and is a known mutagen and an
ephrotoxin12. Inhaled uranium becomes deposited in the lungs and can be absorbed into the
blood stream. Uranium in the blood stream ultimately reaches the kidneys resulting in renal
injury and in severe cases of kidney failure and death13.
The many observed negative health impacts of uranium contamination support the need for
effective remediation methods. Adsorption removes contaminants through their adhesion to a
sorbate. Membrane filtration works by using membranes that can selectively remove metals
based on either charge or molecular weight. Biological methods rely on the use of bacteria that
can either absorb U(VI) or can reduce it into the less mobile U(IV) state. Phytoremediation is a
method that can be used to treat large areas of contamination due to some plant’s ability to
adsorb and accumulate large amounts of chemical elements. Table 1 summarizes the advantages
of each technique and provides examples of the versatility of each method.

2

Table 1: Summary of uranium remediation methods
Method

Advantages

Examples

Adsorption

Reusable, cost effective, easy
operation14

Membrane
Filtration
Biological
Methods

High efficiency, easy operation,
space saving12
Inexpensive and readily available
biological materials12

Phytoremediation Economically viable, effective, no
secondary pollution, small
disturbance to environment12.

Possible sorbates: Agricultural
wastes15-17, Activated carbon18,
Hydrothermal carbon19, Carbon
nanotubes20, Graphene oxide21
Nanofiltration22, Ultrafiltration23,
Reverse Osmosis12
Pseudomonas24, Denitrification,
ferric iron-reducing, sulphatereducing bacteria25
Sunflower, Indian mustard26,
Willow moss, celery27

Adsorption is a very important technique for remediation as well as natural attenuation
reasons. Nevertheless, the fate of uranium and its retention by natural substrates depend on its
oxidation state and speciation. U(IV) and U(VI) are the two most important oxidation states28
with hexavalent uranium compounds being much more soluble than tetravalent compounds.
Under oxidizing conditions, U(VI) exists as the uranyl ion (UO2)2+, which is soluble in water5.
The enhanced solubility of the hexavalent species poses a more significant health risk29 than its
tetravalent counterpart. Speciation of uranyl in aqueous solution is dependent on pH and the
presence of ligands. The soluble uranium species differ whether in acidic or alkaline
environments (Figure 1). Below pH 6.5, the uranyl ion (UO22+) and uranyl hydroxide (UO2OH+,
UO2(OH)2) species are dominant while above pH 6.5, uranyl-carbonato species dominate
(UO2CO30, UO2(CO3)22-, UO2(CO3)34-, and (UO2)2CO3(OH)3-).
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Figure 1: Distributions of solution phase U(VI) species in equilibrium with atmospheric CO2 as a
function of pH. UO22+ concentration set at 10 µM and CO32- concentration set at 0.01 M. Ionic
strength set to zero.

Among potential substrates for use in adsorption remediation are naturally occurring
minerals. Iron oxides have shown to be effective at decreasing dissolved U(VI) concentrations30.
Other minerals like quartz, kaolinite, montmorillonite, and smectite also demonstrate high
capacity for uranium. It is well documented that complexation with organic ligands can affect the
sorption of metals onto mineral surfaces. Uranium has a strong affinity for organic matter, with
soluble organic matter being able to complex with U(VI) and affect solubility and the ability to
adsorb onto minerals31, 32. Studies performed using quartz, albite, muscovite, and phyllite noted
an increase in the sorption of U(VI) when humic acid was present33. Another study using
hematite (Fe2O3) as a model for metal oxides, reported the enhancement of uranium sorption at
low pH values in the presence of humic acid34. The proposed mechanism for this enhancement
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was through complexation of uranium to the organic ligand and then complexation with the
surface in the order of substrate/ligand/metal34. The known ability of U(VI) to adsorb onto
minerals surfaces and the effects of organic ligands is the basis of this study. One organic ligand
of interest, siderophore Desferrioxamine B (DFOB), will be introduced with U(VI) to investigate
the role it plays on the mobility of U(VI) in the presence of manganese minerals
1.2. Siderophores
DFOB belongs to a class of molecules called siderophores that have a low-molecular
weight and exhibit a strong binding affinity for iron35. Siderophores are secreted by soil microbes
and plants in order to sequester iron that is otherwise insoluble in soil conditions. Iron plays a
major role in many important biological processes; however, its existence as immobile ferric
complexes in oxidizing environments renders it unavailable for use. In response, siderophores
are released to interact with the ferric complexes and mobilize iron for uptake into microbe and
plant cells36. Siderophores contain metal binding groups, among which are catecholates and
hydroxamates, and most contain 6 coordinating atoms and coordinate with iron in a pseudo
octahedral geometry35.

Figure 2: Desferrioxamine B in the form of the mesylate salt37.

5

The speciation of DFOB in solution (uncomplexed) is based on the following pKa values38:
+

H4DFOB ↔ H+ + H3DFOB pKa = 8.39

H3DFOB ↔ H+ + H2DFOB- pKa= 9.03
H2DFOB- ↔ H+ + HDFOB2- pKa= 9.70
HDFOB2- ↔ H+ + DFOB3- pKa> 11
DFOB has an exceptionally high affinity for Fe(III) and it coordinates with iron using
three hydroxamate groups39. In addition to Fe(III), DFOB has exhibited a high capacity to form
complexes with many other metals. Some of these metal-DFOB complexes are listed in Table 2.
Table 2: Selected Metal-DFOB complex stability constants
Metal – DFOB Complex
Co(III)
Al(III)
Ga(III)
In(III)
Mn(III)
Fe(III)
Cu(II)
Zn(II)
Cd(II)
U(VI)
Pu(IV)

Stability Constant (log K)
37.540
24.541
28.741
21.441
29.942
32.0243
13.7344
9.5544
1044
17.137
30.845

When DFOB is complexed with metals, it can affect their mobility by enhancing or
hindering their adsorption to minerals. In the presence of DFOB, Cd and Zn have an enhanced
sorption onto montmorillonite, likely due to the positive Cd(II)-DFOB and Zn(II)-DFOB
complexes interacting with the negative mineral surface46. With Pb and Cd, DFOB decreased the
6

adsorption on kaolinite47. For Cu(II), there was an observed enhancement of sorption onto
montmorillonite and a hindrance of sorption with kaolinite48. Zn(II) and Cd(II) were also studied
with muscovite and phlogopite and had a diminished adsorption in the presence of DFOB49. The
effect of DFOB on metal mobility is pertinent due to the co-existence of ligand and metal ions in
the natural environment.
DFOB has also been reported to adsorb to the surface of many minerals promoting
dissolution. This has been observed using montmorillonite, hematite, palygorskite, kaolinite, and
sepiolite50-54. One well studied group of minerals are manganese oxides and hydroxides.
Hausmanite (Mn(II,III)2O4), birnessite ((K,Na,Ca)Mn(III,IV)2O4), and manganite
(Mn(III)O(OH)) are well studied with DFOB and mechanisms have been proposed for the
sorption and subsequent release of Mn from the mineral phase55-57. These proposed mechanisms
involve DFOB’s hydroxamate groups that can inner-spherically complex with metal centers on
the mineral surface50. In addition, there are reported to be contributions to sorption from DFOB’s
protonated amine group and secondary amide groups50. These previously proposed mechanisms
will be exploited in our study in an attempt to describe the mechanism for adsorption onto
pyrolusite and manganite.
The shown ability of DFOB to form complexes with many metals as well as influence
their mobility makes it a good choice for this study. DFOB is present in the natural environment
and it is important to understand the role it plays in potential remediation of U(VI). While the
U(VI)-DFOB complex has been studied in terms of stability, there is more information to be
gained by studying how this complex behaves with various minerals.

7

1.3. Manganese Minerals
Manganese is the 10th most abundant element in the Earth’s crust and the second most
abundant heavy metal58. Manganese can exist naturally as Mn(II), Mn(III), and Mn(IV). This
ability to exist in multiple oxidation states combined with high mobility of Mn(II) and many
different environmental conditions leads to significant transformations resulting in over 100
known manganese containing minerals59. These include manganese oxides and hydroxides and
one unique characteristic of these minerals is their sorption capacity, which is much higher in
proportion to its concentration60. They have a much higher capacity for sorption compared to
other naturally occurring minerals, and this gives them the ability to sequester and control heavy
metals with great efficiency61. An example of this characteristic is that adsorption by Mn oxides
is considered to be one of the most important mechanisms responsible for controlling heavy
metal concentration in the world’s oceans62. Mn oxide minerals are the most abundant in today’s
ore deposits, and recently they have been used in applications like catalysis, batteries, plant
fertilizers and steel63. Manganese oxide minerals are a major source of manganese in the aquatic
environment and are most commonly in the +2 and +4 oxidation states64. Manganese oxides and
hydroxides in the +3 oxidation state are generally insoluble in aqueous environments65. Any
Mn(III) present in aqueous solution will disproportionate to Mn(II) and Mn(IV) and
subsequently to MnO2(s) according to the following reactions66:
2Mn(III)

Mn(II) + Mn(IV)

Mn(IV) + 2H2O

8

MnO2(s)

Mn(II) is the dominant species of manganese in solution (around 91%), however
manganese in other oxidation forms can be present in solution when complexed to other species
like carbonates, sulphates, and organic ligands64.
Of the different Mn oxide/hydroxide structures, the two major structural classifications
are tunneled and layered; both types having the MnO6 octahedron as the building block of the
structure. The tunneled structure contains single, double, or triple chains of edge sharing
octahedra forming tunnels that can accommodate cation species67. Layered structures contain
sheets of the edge sharing octahedra with the interlayer able to accommodate cation species60.
Tunneled structures are used exclusively in the research presented in this thesis, specifically βMnO2 (pyrolusite) and γ-MnOOH (manganite). Pyrolusite is the most abundant and most stable
polymorph of MnO2 and consists of single chains of Mn(IV)O2 octahedra that form tunnels that
are 1 octahedron by 1 octahedron in cross section67. This pyrolusite structure is pictured in
Figure 3.

Figure 3: Crystal structure of pyrolusite. Large red spheres are oxygen atoms and small purple
spheres are manganese (IV) atoms that lie inside of the MnO6 octahedra68.
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Manganite is similar in structure (tunneled structure with single chains of octahedra) with
the exception that manganese is the in +3 oxidation state and hydroxyl anions replace half of the
oxygen atoms. In addition there is significant distortion of the octahedra due to Jahn-Teller
effects60. Both pyrolusite and manganite have demonstrated ability to sequester a wide variety of
metals and organic ligands. They both were able to sequester Cr(VI) through inner sphere
complexation at pH lower than 6 and outer sphere complexes at pH higher than 669. Pyrolusite
has also been shown to adsorb organic compounds like humic acid, tannic acid, and other
cationic molecules (safranin and ferroin)70. There have also been extensive studies on both
minerals for sorption of Zn2+, Pb2+, and Mg2+ along with other metals71-73. The abundance as well
as the sorption characteristics of pyrolusite and manganite make them good candidates as
substrates to study uranium sorption.
1.4. Adsorption onto Mineral Surfaces
In addition to understanding the nature and structure of each constituent of this study, an
understanding of the adsorption process is needed to effectively categorize the reactions taking
place. Adsorption reactions depend on a multitude of factors including pH, identity and
concentration of sorbate, concentration of substrate, and the presence of competing species74.
Sorption of ions onto mineral surfaces can be categorized into two interactions, electrostatic or
chemical. Chemical adsorption (inner sphere sorption) is insensitive to surface charge and ionic
strength and involves chemical bonding of sorbate to mineral surface. Electrostatic adsorption
(outer sphere sorption) takes place through coulombic attraction between oppositely charged
sites on the surface and the charged sorbate. It is very reliant on pH, which determines the charge
of the surface functional groups75. Metal oxide minerals specifically have hydroxyl functional
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groups that form when water sorbs onto the surface and then subsequently hydrolyzes74. Figure
4 illustrates this formation of reactive functional units bound to the mineral structure.

Figure 4: Cross section of metal-oxide mineral surface. a) unhydrated surface, b) H2O molecules
coordinate with surface metal ions, c) Dissociation of protons from adsorbed H2O molecules
creates a hydroxylated surface, d) Hydroxylated surface can attract other water molecules or
cationic species74.

Due to the functional groups, the solid substrates acquire an electrical charge when they
come into contact with an aqueous phase. This electrical charge can attract counterions and could
lead to sorption of charged species. For metal oxides, a variable surface charge approach is taken
where the charge develops as a result of the dissociation of the functional groups74. The hydroxyl
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functional groups can become protonated or deprotonated in order to produce positive or
negative charges. The reactions to illustrate this are (X=metal)76:
XOH2+ = XOH0 + H+
XOH0 = XO- + H+
The control of the surface charge is therefore dependent on the pH of the solution in
contact with the mineral. At low pH values, the protonated form of the functional group
dominates (positive) and at high pH values, the deprotonated form of the functional group
dominates (negative)74. It is important to note that at every pH value, there is a presence of
positive, negative, and neutral sites; however, there is a distribution that favors either positive or
negative charges. At a specific pH value, the point of zero charge occurs where the surface has a
net zero charge as the number of positively and negatively charged sites become equal (XOH2+=
XO-)77. For pyrolusite and manganite, this point of zero charge is pH 6 and 8, respectively78, 79.
This dependence of surface charge on pH directly relates to the observed sorption of cations, as
typically cation adsorption increases with increasing pH and anion adsorption decreases with
increasing pH80. Other factors that can affect the sorption of metals onto minerals is the
complexation by dissolved ligands and the presence of competing sorbate species that can
compete for surface sites30.
1.5. Research Objectives
While there has been extensive research on the topic of siderophores and their complexation
properties with metals, there are still knowledge gaps within the environmental mobility of these
complexes. For uranium specifically, there are only a couple of publications that report the
existence of U(VI)-DFOB complex, but no other information is available about the
12

environmental stability of this complex or interaction with natural substrates. For reasons related
to natural attenuation and remediation, it is crucial to understand the role that siderophores can
play in the mobility of uranium with common minerals like pyrolusite and manganite. In order to
fully understand the mobility effects of complexation with DFOB, the following research
objectives were set:
1. To determine how uranium adsorbs to the surface of pyrolusite in the absence and
presence of DFOB.
2. To investigate potential mechanisms of DFOB and uranium sorption. This includes
understanding potential degradation and sorption mechanisms of DFOB, a process that is
not currently fully understood.
3. To compare the findings of pyrolusite to that of the more studied manganite. This
includes drawing comparisons about the sorption mechanisms of U(VI) and DFOB.
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CHAPTER TWO: METHODOLOGY
2.1. Mineral Synthesis
The pyrolusite, β-MnO2, used in this study was procured through a commercial vendor
(Alfa Aesar, 98% purity) and was in the form of a fine black/gray powder. The manganite used
in this study was synthesized according to a published procedure81. 11 g of MnSO4 (99%, Acros
Organics) were added to 1750 mL of degassed ultrapure water (resistivity of 18.2 MΩ-cm,
Barnstead Nanopure). This solution was then heated to 50 oC under continuous stirring. Then 6
mL of 30% H2O2 (Alfa Aesar) was added, followed by the slow addition of 200 mL of 0.6235 M
NH4OH (Fisher). This solution was covered with a watch glass and boiled at 95oC for
approximately 6 hours under continuous stirring. After 6 hours, the solution was filtered while
still hot with a 0.22 μm nanopore filter (VWR) and was rinsed with hot, deionized water. The
solid precipitate was dried at 60oC under approximately 20 mmHg pressure for 72 hours. This
dried precipitate was an ashy, brown powder and the structure of manganite was confirmed using
infrared spectroscopy (FT/IR-6600, Jasco) and X-Ray diffraction (XRD). The analyses took
place at the Materials Characterization Facility (MCF) located at the UCF Main Campus. The
XRD (Empyrean, PANalytical) spectra were collected from 10 to 80° 2θ, with a scan speed of
0.063865 °/s, at a voltage of 45 kV and current 40 mA, using Cu-Kα (λ = 0.15405980 nm). The
IR and XRD in Figure 5 and Figure 6 and is confirmed by published XRD82 and IR83 spectra of
manganite. The IR spectrum revealed 3 characteristic OH peaks in the 1050-1150 cm-1 range and
a broad OH peak from the 2400-2900 cm-1 range. XRD characteristic peaks of MnOOH were
present at 2θ values of 26, 34, 38, and 5583.
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Figure 5: IR spectrum of synthesized manganite

Figure 6: XRD of synthesized manganite
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2.2. Uranium and Siderophore Solutions Preparation
The DFOB used came in the form of the mesylate salt (C25H48N6O8 • CH4O3S, Acros
Organics, 95%). A stock solution of DFOB (1 mM) was created by adding 0.0657 g of DFOB
mesylate salt to 100 mL of ultrapure water at a final pH of 5.5. DFOB was determined
experimentally to be stable down to pH 3 and up to pH 1037, which encompasses all pH values
that will be used throughout the course of this study. The stock DFOB solution was stored at 4oC
when not in use.
A stock solution of U(VI) (1 mM) was prepared by adding 0.0504 g of uranyl nitrate
(UO2(NO3)2 • 6H2O, Fisher Scientific, 98%) to 100 mL of ultrapure water. A U(VI)-DFOB
complex was formed by mixing stock aqueous solutions of 1 mM DFOB-mesylate salt
(C25H48N6O8 • CH4O3S, Acros Organics, 95%) and 1 mM of uranium (UO2(NO3)2 • 6H2O,
Fisher Scientific, 98%) at pH 6. This complex is reported to be stable from the range of pH 31137. The existence of U(VI)-DFOB complex was identified by two characteristic peaks of the
complex at 490 and 380 nm37 using a double-beam UV-Vis spectrophotometer (Thermo
Scientific, Genesys 50), as seen in Figure 7. The speciation for the U(VI)-DFOB complex was
developed with Visual MINTEQ (Figure 8) with the stability constants listed in Table 3.
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Figure 7: UV-Vis spectrum for the U(VI)-DFOB complex in the range of 350 – 900 nm

Figure 8: Speciation of U(VI)-DFOB complex in aqueous solution. Modeled using Visual
MINTEQ.
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Table 3: Logarithm of stability constants for potential aqueous species.
Species

Log K

(DFOB)3- + H+ ↔ H(DFOB)2-

10.90a

(DFOB)3- + 2H+ ↔ H2(DFOB)-

20.48a

(DFOB)3- + 3H+ ↔ H3(DFOB)

29.48a

(DFOB)3- + 4H+ ↔ H4(DFOB)+

37.85a

UO2+2 + H4(DFOB)+ ↔ UO2DFOBH2+

23.78b

UO2OH+ + H4(DFOB)+ ↔ UO2DFOBH

18.40b

UO2(OH)2 + H4(DFOB)+ ↔ UO2OHDFOBH-

23.43b

a

Stability constants determined at background electrolyte of 0.1 M; Hepinstall et. al. (2005)47

b

Wolff-Boenisch and Traina (2006)84

2.3. Batch Sorption Experiments
Batch sorption experiments were performed by bringing in contact initially 10 mg of each
mineral and 10 mL of ultra-pure water of a specific pH for 48h in order to minimize pH shift
during the actual sorption experiment (which will include DFOB and U(VI)-DFOB complex).
The pH values used throughout the course of this study were pH 3.5, 6, and 8. Minor additions of
dilute HCl and NaOH were done throughout the 48h to ensure the suspensions remain in the
desired pH values. The process was repeated until there was no further observed shift in pH. The
reason that this method was employed, as opposed to using buffers to keep the pH constant, is
due to the fact that buffers interfere with the analysis of DFOB in the supernatant, as it will be
explained further at Section 2.4.2).
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After equilibration was achieved U-DFOB was introduced to the vials. Sorption
experiments were performed for both pyrolusite and manganite at a constant concentration of 36
µM of the U(VI)-DFOB complex and at pH 3.5, 6, and 8. Controls were also performed in
parallel spiked only with U(VI) or DFOB of the same concentration. Ionic strength experiments
were performed by bringing in contact 10 mg of each mineral with 10mL ml of U-DFOB 36 µM,
pH 6 at three different ionic strengths: 0.001, 0.01, and 1M of NaClO4 (Fisher, 99%). Sodium
perchlorate was selected as an inert electrolyte. For isotherms, the equilibrated suspensions of
pyrolusite were spiked with U(VI)-DFOB stock solution to create final concentrations of 6, 12,
36, 60, and 78 µM, pH 6. Moreover, isotherm experiments containing only 1 mM UO2(NO3)2
and 1 mM H4DFOB+ were performed in parallel. All samples were allowed to spin in a tube
revolver (Fisher) at 15 rpm for 24 hours and then the suspensions were centrifuged for 10
minutes (5,000 rpm, Thermo Sorvall ST 16). Aliquots were isolated from the supernatant for the
determination of Mn, U(VI), and DFOB residual concentrations in the supernatant.
Recovery experiments were performed for both minerals by taking samples that had
already undergone sorption of the U(VI)-DFOB complex and centrifuging them at 5,000 rpm for
10 minutes, then discarding the supernatant. The solid substrate was dried in a vacuum oven at
60°C for 48 hrs. Then, 10 mL of either ultra-pure water or 0.01 M HCl were added to the dried
substrates and the new suspensions were allowed to mix over the course of 1 week and then
sampled, as described above.
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2.4. Analysis Methods
2.4.1. Determination of Mn(II) and U(VI)
Residual concentration of U(VI) and Mn concentration in the supernatant were
determined using Inductively Coupled Plasma – Mass Spectroscopy (ICP-MS - Thermo, iCAP
RQ) The calibration standards for U and Mn were prepared from standard concentrated solutions
(plasma standard solution in 5% HNO3, SpecPure) with a range of concentrations of 0.1-19 ppb
and 10-500 ppb, respectively. This method detects total uranium concentration (complexed and
un-complexed). Samples were diluted using plasma grade 2% HNO3 (Thermo). Calibration
curves for both elements are shown in Figures 9 and 10.

y= 723,590x + 530,068
2

R = 1.0

Figure 9: Calibration Curve for Mn(II). Standards range from 10 ppb to 500 ppb.
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y= 900,180x – 110,124
2

R = 1.0

Figure 10: Calibration Curve for U(VI). Standards range from 0.1 ppb to 19 ppb.

2.4.2. U(VI)-DFOB Complex Analysis
The concentration of DFOB present in the supernatant was determined
spectrophotometrically by utraviolet-visible (UV-vis) spectroscopy (Thermo Scientific, Genesys
50). This procedure was reported in previous literature and adapted to this experiment85. A
solution of 1.8 mM FeCl3 (Alfa Aesar, 98%) in 0.1M HCl was prepared by adding 0.0073 g of
FeCl3 to 25 mL of 0.1 M HCl. In 4.5 mL polystyrene cuvettes, 100 µL of the FeCl3 solution,
aliquots of supernatant from sorption experiments, and water was added to reach a final volume
of 2.6 mL. The volume of supernatant sampled was determined in order to make dilutions that
would place the expected concentration of DFOB remaining in the supernatant into the range of
the calibration curve (Figure 11). These samples were capped and allowed to sit for 10 minutes
before analysis at 428 nm. This procedure determines [DFOB]Total in the supernatant as the
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Fe(III) will complex with any non-complexed DFOB in solution as well as any DFOB
complexed with uranium, since Fe(III)-DFOB (log K= 32.02 ± 0.543) is a stronger complex than
U(VI)-DFOB (log K= 17.1 ± 0.237). This was verified experimentally by performing this same
analysis on U(VI)-DFOB stock solutions of known concentration, which yielded 100% DFOB
recovery. This procedure also requires an absence of buffers since FeCl3 formed a complex in the
same wavelength range when added to organic buffers (HEPES and PIPES).

Figure 11: UV-Vis calibration curve for Fe(III)-DFOB at 428 nm

Calibration standards of Fe(III)-DFOB were made from adding stock 1mM DFOB with at
least a 1:1 molar equivalent of FeCl3 and diluting to achieve a calibration range of 1.9 µM to
13.5 µM of Fe(III)DFOB. This calibration curve is pictured in Figure 10. The Fe(III)DFOB
complex was characterized by the presence of a peak maximum at 428 nm consistent with
literature values86. In addition, the absorbance spectra of UO2(NO3)2 and were collected to
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confirm no interferences from that species in the experimentally relevant concentration ranges.
The spectrum for Fe(III)DFOB is shown in Figure 12.

UV-Vis Spectrum for Fe(III)-DFOB - pH 6
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Figure 12: UV-Vis Spectrum of Fe(III)-DFOB at pH 6

2.4.3. Alternative Methods for Quantifying DFOB
While the FeCl3 method was employed in the analysis of DFOB, other techniques were
evaluated for their effectiveness for determining DFOB concentration. The first method
examined was the direct spectrophotometric determination of DFOB using UV-Vis. This method
requires minimal effort since the supernatant can be sampled and scanned directly for analysis at
195 nm. The spectrum for DFOB is shown in Figure 13.
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Figure 13: UV-Vis Spectrum of free DFOB at pH 6

This method provided good linearity in the region from 5 µM to 50 µM (Figure 14) but
departed from linearity above and below this concentration range. This wavelength region is also
susceptible to multiple interferences and needed to be performed in quartz cuvettes. Some
interferences are organic buffers (MES, Acetate buffers, HEPES, PIPES, and Citrate buffers),
which showed high absorbance values in this region, so if this method is to be used there must be
no buffers present in solution.

24

Figure 14: UV-Vis Calibration curve for free DFOB at 195 nm

The second alternative way to measure DFOB concentration in solution is through the
use of Cu-CAS (chrome azurol S) complex. This procedure was published by Shenker et. al
(1995)87, and allows for the determination of free DFOB. The Cu-CAS complex has absorbance
at 582 nm and when added to DFOB (or other strong chelating agents), a ligand exchange takes
place with Cu exchanging CAS for the more favorable DFOB. The decrease in absorbance at 582
nm can then be measured and used to quantify the concentration of Cu-CAS that has undergone
ligand exchange (1:1 ratio with DFOB present in solution). This method was successful in
quantifying free DFOB as well as Mn(III)-DFOB stock solutions but was unsuccessful in
quantifying U(VI)-DFOB. When U(VI)-DFOB stock solution was added to Cu-CAS solution, a
1:1 ligand exchange was not observed, therefore this method would not be reliable for a system
that contains U(VI)-DFOB.
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2.4.4. Determination of Acetate and Succinate
Ion chromatography (Dionex Integrion HPIC) was used in order to determine the
concentrations of acetate and succinate produced as a result of DFOB sorption on the substrate
and subsequent hydrolysis. DFOB is commercially available as a mesylate salt, and the mesylate
anion peak interferes with the acetate peak in Ion Chromatography55. To this end, 1mM DFOB
(in the form of mesylate salt) stock solution was run through a Dowex 1 × 2 (chloride form, 200400 mesh; Acros Organics) ion exchange resin packed in 0.7 X 4 cm column (Kimble FlexColumn) using mini peristaltic tubing pump (Thomas Scientific). The complete exchange of
mesylate salt with chloride ions and consequently the production of mesylate free solution was
verified by the absence of mesylate peak at 3.4 min in IC using 35 mM NaOH eluent. The
chromatographic column in Ion Chromatography was a Dionex anion exchange AS20 column
and samples were passed through the column at a flow rate of 1 mL/min. Standard solutions of
acetate and succinate were created by dissolving the appropriate amount of Sodium acetate
anhydrous (Fisher, ≥ 99% purity) and Sodium succinate dibasic (Sigma Aldrich, 98% purity) in
ultra-pure water. The concentration range was 0.3 to 5 ppm. The calibration curve for both
analytes are shown in Figures 15 and 16.
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Figure 15: IC calibration curve for acetate using a 5 mM NaOH eluent, elution time: 6.125 min

Figure 16: Calibration curve for succinate using a 35 mM NaOH eluent, elution time: 4.900 min
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The eluent used for both acetate and succinate was ultrapure NaOH (50% wt % solution
in water, 49.0 -51.0% purity, Acros Organics), however the concentration differed:5 mM NaOH
eluent was used for acetate determination due to the very weak retention of acetate by the
column (retention time 6.1 minutes) , whereas for succinate, a 35 mM NaOH eluent was used
(retention time 4.9 minutes). The chromatograms for both acetate and succinate are in Figures 17
and 18.

Figure 17: Chromatogram of succinate calibration standard (5 PPM) with 35 mM NaOH eluent,
elution time: 4.900 min.
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Figure 18: Chromatogram of acetate calibration standard (5 PPM) with 5 mM NaOH eluent,
elution time: 6.123 min.
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CHAPTER THREE: RESULTS
3.1. Uranium Sorption on Pyrolusite in the Presence of DFOB
3.1.1. Effect of pH
To investigate the effect that DFOB has on the ability of pyrolusite to sequester U(VI),
sorption experiments needed to be performed at a wide range of pH values. While the most
environmentally relevant pH range is 4-1088, doing the experiment at a lower pH value can help
draw conclusions about how DFOB interacts with the mineral surface. Adsorption in this study is
defined as the amount of the initial U(VI) and DFOB concentration no longer present in the
supernatant after equilibration with the mineral. The percent of adsorption is calculated as
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝐶𝑓𝑖𝑛𝑎𝑙
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑥 100 .

DFOB sorption throughout the pH range studied decreases as pH increases both when it
is complexed with U(VI) and when it is free in solution (Figure 19). At pH 3.5, roughly all the
DFOB initially introduced into the system is no longer present in the aqueous phase. The
interaction of DFOB with the pyrolusite surface leads to the disappearance of intact DFOB
molecules in the supernatant and this will be referred to as “unaccounted” DFOB
(DFOBUnaccounted) until further conclusions can be made about the fate of the molecule. This
percentage of unaccounted DFOB decreases through pH 6 and pH 8, where approximately 70%
of the initial DFOB can still be accounted for in the aqueous phase. There is also no significant
difference between the unaccounted DFOB when it is introduced into the system either
complexed with U(VI) or by itself. At pH 3.5, the DFOB disappearance percentages when
complexed and uncomplexed is 96 ± 3 and 94 ± 1, respectively. At pH 6, the DFOB
disappearance percentages are 41 ± 5 when complexed and 50 ± 4 when uncomplexed. For pH 8,
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DFOB disappearance percentages when complexed and uncomplexed was 32 ± 2 and 27 ± 5,
respectively. This indicates that the U(VI) has no effect on the sorption behavior of pyrolusite

% Disappearance

towards DFOB.

Figure 19: DFOB sequestration a function of pH by pyrolusite at differing pH values. 37 uM
initial concentration of U(VI) or U-DFOB complex. Error bars represent relative standard
deviation from triplicate samples.

For U(VI), the opposite result was obtained. The residual amount of U(VI) detected in the
aqueous phase decreases as the pH is increased, with a noticeable enhancement of the sorption
when DFOB is present (Figure 20). The U(VI) no longer present in the aqueous phase is referred
to as “adsorbed” since unlike DFOB, there is no possibility for degradation or multiple reaction
pathways. At pH 3.5 and 6, there is negligible adsorption of U(VI) when it is free in solution (in
the absence of DFOB), whereas at pH 8 sorption of U(VI) was found to be ~25%. One trend that
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is constant throughout all pH values is the enhancement of U(VI) adsorption when DFOB is
present. In the case of pH 3.5 and 6, DFOB is the only source through which U(VI) is
sequestered to the minerals surface. At pH 8, while pyrolusite also has the ability to sequester
U(VI) when in the absence of DFOB, there is still an enhancement when DFOB is introduced
into the system indicating that multiple mechanisms may be occurring at this pH value.

Figure 20: Uranium sorption vs pH: The percentages of Uranium that is no longer present in the
aqueous phase after introduction with pyrolusite at differing pH values. Error bars represent
relative standard deviation from triplicate samples.

When comparing the results from both DFOB sorption and U(VI) sorption, it is also
noticed that the concentration of each component no longer present in the aqueous phase is not
equivalent. For example, at pH 3.5 the concentration of adsorbed U(VI) is 1.3µM while the
amount of DFOB unaccounted for in the aqueous phase is 36µM. At pH 6, the adsorbed U(VI) is
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8.6µM, while the unaccounted for DFOB is 14µM. This continues at pH 8, where 15µM of
U(VI) is adsorbed while only 12µM of DFOB is unaccounted for. When the U(VI)-DFOB
complex forms in solution, it forms in a 1:1 ratio of U(VI) to DFOB39. Because U(VI) and
DFOB do not disappear from the aqueous phase in a 1:1 ratio, the interaction between DFOB
and U(VI) responsible for enhanced sorption is not exclusively due to the adsorption of an intact
U(VI)-DFOB complex. For example, if the sole mechanism for sorption for both constituents
was through an intact U(VI)-DFOB complex, then the concentrations adsorbed would be a 1:1
ratio. The first conclusion that can be drawn from the pH experiments is that while adsorption as
an intact U(VI)-DFOB complex is possible, it cannot be the sole mechanism of adsorption
occurring in this system.
The sharp difference in U(VI) sorption that occurs when moving from pH 6 to pH 8 as
well as the large change in DFOB disappearance across all pH values demonstrates that pH is an
important factor in the sorption ability of pyrolusite. Across these pH ranges, the speciation of
both un-complexed DFOB and U-DFOB is unlikely to contribute to the observed difference in
sorption. The un-complexed DFOB exists as one species throughout the pH range of this study.
The dissociation constants of the three protonated hydroxamate groups on DFOB are 8.30, 9.00,
and 9.36, while the dissociation constant for the terminal amine group is 10.8489. The uncomplexed DFOB exists with 3 protonated hydroxamate groups and a protonated terminal amine
group with an overall positive charge for all pH values used. Based on the speciation of the
U(VI)-DFOB complex37, we know of the existence of two major U-DFOB species. At pH 3.5 the
predominant species is UO2DFOH2+, at pH 6 and pH 8 the dominant species is UO2OHDFOH-.
The dominant species at both pH 6 and 8 is negatively charged; however, the protonated terminal
amine group remains as a localized source of positive charge. This protonated amine group could
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be a contributor in the sorption of DFOB. Adsorption through a protonated amine group was
reported for kaolinite, hematite, and montmorillite38, 50, 52.
The speciation of both the un-complexed and complexed DFOB cannot explain the
observed trends in the sorption as a result of pH. The point of zero charge for pyrolusite lies
between pH 5.9-6.478. The surface charge for the pH 3.5 experiment is mostly positive. The
distribution of negative to positive surface sites increases until pH 8 where the surface becomes
predominately negative. The un-complexed and U-DFOB complex at low pH values have a net
positive charge. If the interaction between the surface of pyrolusite and DFOB were exclusively
electrostatic, it would be expected to see very low sorption for low pH and higher sorption as pH
is increased for both complexed and un-complexed DFOB. This is opposite of the trend seen in
the results of this experiment, because the DFOB disappearance is higher at lower pH values.
Electrostatic interactions should not be neglected since this is still a possibility, specifically at
higher pH values; however, there must also be additional mechanisms for sorption that do not
rely on pH-dependent characteristics of the substrate. It is reasonable that the uranyl ion in
solution in the absences of DFOB would have a higher sorption at pH 8 than the other studied pH
values.
The pH experiments allow for important conclusions to be made about the adsorption of
both DFOB and U(VI). This first is that the uranyl ion follows characteristic sorption behavior
when uncomplexed in solution. The uranyl ion has low adsorption at low pH values (mostly
positive surface) and high adsorption at high pH values (mostly negative surface). The second
conclusion is that through interaction with DFOB, U(VI) sorption is somehow enhanced. An
attempt will be made to elucidate this interaction. The final conclusion is that DFOB must have a
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mechanism for disappearance that is not purely electrostatic. The disappearance does not follow
the trend expected based solely on charge distribution of the mineral surface compared to the
charge on the DFOB species for each pH value.
3.1.2. Mechanisms for DFOB and U(VI) Sorption
3.1.2.1. Reported Pathways for DFOB Adsorption
The next goal of this study is to propose the mechanism by which DFOB enhances the
adsorption of U(VI). Considering that DFOB is essential for the sorption of U(VI) at most pH
values, understanding the sorption mechanism for uncomplexed DFOB is the starting point for
understanding how U(VI) sorption occurs. The mechanism of sorption of DFOB has been
studied previously on a variety of substrates under different environmental conditions.48, 50-52, 55,
86

Siebner-Freibach et. al. (2006)50 examined the adsorption of free DFOB and Fe(III)-DFOB

onto Ca-montmorillonite through thermospectroscopic studies. The free ligand was adsorbed
through the use of all active groups including: the hydroxamic groups (both C=O and C-OH),
hydrogen bonding using the N-H of the secondary amide groups, and through NH3+ (protonated
amine group) adsorption directly to the surface or indirectly to the surface through water
molecules50. These active groups are highlighted in Figure 21.
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Figure 21: Active groups for binding of DFOB

When binding occurred through the NH3+ or through the secondary amide groups, it was
shown through FTIR that the Fe-binding center (hydroxamate groups) was unaffected50. DFOB
coordinates with Fe(III) to form an octahedral complex using its three hexadentate hydroxamate
groups90, and it is expected to coordinate to UO22+ in a similar manner37,91. If DFOB adsorbs
onto the surface of pyrolusite through the NH3+ group, the three hydroxamate groups remain
available for complexation and it provides the avenue for UO22+ to also become sequestered to
the surface while staying complexed to DFOB. In addition to the afore mentioned study,
additional studies of the DFOB sorption mechanisms mention the potential for both cation-like
sorption from a cationic DFOB species and a site specific sorption incorporating the
hydroxamate groups48, 51, 52. When studying the interaction of DFOB with hematite, Eisenlauer
and Matijević (1980)53 proposed two configurations of DFOB to explain observed sorption and
leaching of Fe(III) into solution. The first configuration suggests that DFOB is fixed flat on the
surface with the hydroxamate groups oriented such that they can coordinate to Fe+ sites, which
leads to the dissolution of Fe(III)53. They also proposed a second mechanism that occurs with
less likelihood with DFOB being electrostatically attracted through the protonated amine group
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to the FeO- sites53. This mechanism did not result in dissolution and release of Fe(III). Sorption
of DFOB has also been attributed to the dissolution and subsequent release of structural Fe(III)
and Mn(II)/Mn(III) from Fe(hydr)oxides and Mn oxides respectively, which indicate that DFOB
participates in dissolution of minerals through reductive promoted and ligand promoted
mechanisms utilizing its hydroxamate groups51, 55-57, 86. These two reported mechanisms are
illustrated in Figure 22. By applying sorption models from literature, an effort was made to
elucidate the sorption mechanisms in the current study of DFOB and pyrolusite.

Figure 22: Illustration of proposed mechanisms for DFOB adsorption. Proposed mechanism #1
orients the hydroxamate groups towards metal centers to participate in inner-sphere
complexation. No sequestration of U(VI) can occur through this mechanism. Proposed
mechanism #2 involves orientation of protonated terminal amine groups towards the surface,
leaving hydroxamate groups open to complexation with U(VI).

3.1.2.2. Adsorption Using Hydroxamate Groups
The first mechanism that is applied to this system is the coordination of the hydroxamate
groups of DFOB to the surface Mn+ sites on pyrolusite. When studied at pH 6, there are two
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indicators that this mechanism is occurring. The first indicator of an inner sphere binding of
DFOB on pyrolusite, involving its hydroxamate groups, is the presence of oxidation products of
DFOB. The oxidation products of DFOB are mentioned many times in previous studies 86, 92;
however, these are hard to determine and have not been successfully identified. To further
complicate the identification of the oxidation products, DFOB has been reported to undergo
hydrolysis during dissolution experiments with goethite and lepidocrocite93, 94. It is important to
note that the oxidation and hydrolysis of DFOB are related processes, although the order of
events is unknown. One approach speculates that hydrolysis of DFOB occurs first, and the highly
reducing DFOB fragments that remain are the key players in mineral reduction55. Another
approach speculates that DFOB first becomes oxidized, and the reduction of mineral is the
driving force for hydrolysis57, 86. Whether oxidation or hydrolysis occurs first, the end products
are the same and these products are what will be examined for this mechanism. Simanova et.al.
(2010)55 proposes that these hydrolysis products are acetate and a DFOB-hydroxylamine
fragment, which upon reduction of Fe(III) produces a nitroso-DFOB fragment55. These proposed
products are shown in Figure 23.
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Figure 23: Hydrolysis/oxidative products of DFOB as proposed by Simanova et. al. (2010)55.
According to this pathway, acetate, as a hydrolysis product of DFOB should be readily
detected in the samples of this study. A degradation pathway proposed by Winkelmann et. al.
(1999)95 though hydrolase reactions with DFOB was also considered in which acetate and
succinate are both produced as the DFOB molecule undergoes multi-step fragmentation. The
main difference between these two proposed pathways is that the scheme in Figure 23 claims
that a hydroxylamine-DFOB fragment remains, whereas the scheme in Figure 24 shows
complete degradation of the DFOB molecule. This distinction between the two pathways is
important because if the fragmentation is only 1-step (Figure 23), the remaining DFOB fragment
would still be capable of complexing with U(VI) or Fe(III). If DFOB undergoes further
fragmentation (to produce acetate and succinate), it no longer has the ability to complex with
U(VI) because resulting fragments contain no more than one hydroxamate group. If it no longer
has the ability to complex with U(VI) then this mechanism can be eliminated as a potential
source of U(VI) adsorption enhancement.
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Figure 24: DFOB degradation pathway proposed by Winkelmann (1999)95.

Both acetate and succinate were detected in the supernatant under the conditions studied.
The acetate detected in the pyrolusite samples indicate that hydrolysis and subsequent oxidation
of DFOB has occurred. The presence of succinate in the samples indicate that the
oxidation/hydrolysis reaction results in a multi-step degradation of DFOB such that the molecule
is no longer left intact to complex with metals. The presence of succinate confirms that the
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mechanism with pyrolusite is not the mechanism from Figure 23 and there is no remaining
nitroso-DFOB fragment or hydroxylamine-DFOB fragment either adsorbed onto the surface or
in solution. Having succinate in addition to acetate in the samples show that the
oxidation/hydrolysis products of DFOB when in contact with pyrolusite are more complex, with
the molecule following a multi-step degradation pathway. In our samples, acetate and succinate
were detected in equal amounts, indicating that each DFOB molecule that degrades to acetate
also degrades to succinate, according to the pathway in Figure 24 (no partial degradation of
DFOB molecules). Therefore, the DFOB undergoing hydrolysis in this case is no longer
available for complexation with U(VI) and does not contribute to the observed adsorption
enhancement. The amount of acetate and succinate released is shown in Figure 25. In addition,
acetate and succinate are not likely to adsorb on pyrolusite surface96, so it can be concluded that
the acetate and succinate detected in solution represents all of the hydrolysis products of DFOB
and therefore represents every DFOB molecule that participates in this inner-sphere
complexation and resulting hydrolysis/reducing reaction. The DFOB that undergoes hydrolysis is
not considering to be adsorbed to the surface and will be referred to as DFOBHydrolyzed.
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Figure 25: Acetate and succinate released into solution. Error bars represent relative standard
deviation from triplicate samples.

The second indicator of an inner-sphere complexation mechanism is the presence of
Mn(II) in the supernatant post-sorption with DFOB acting as the reducing agent of Mn(IV). All
Mn present in the supernatant is assumed to be Mn(II) due to reductive dissolution being the
primary pathway for pH ≤ 6.586. The Mn(III)-DFOB complex is also unstable below pH 7.542.
This instability of a Mn(III)-DFOB complex, means that all of the Mn detected in the supernatant
must be in the +2 oxidation state. Mn(IV) centers in pyrolusite, upon the sorption of DFOB, will
act in a similar manner to the decomposing Mn(III)-DFOB complex, and will undergo an
internal electron transfer to give Mn(II) and oxidized DFOB products.
Figure 26 shows this release of Mn(II) into the supernatant. The concentration of DFOB
responsible for inner-sphere complexation with the mineral was equated to the concentration of
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acetate detected in the aqueous phase. When pyrolusite was brought in contact with U(VI)
(absence of DFOB), there was no release of Mn(II) into solution. This corresponds to very low
amounts of sorption of U(VI) in the absence of DFOB. The U(VI) is not a reducing agent for
Mn(IV) and also does not promote the dissolution of the mineral. When pyrolusite was brought
in contact with un-complexed DFOB, a large release of Mn(II) into solution occurred. The
U(VI)-DFOB complex was then introduced to pyrolusite, which again resulted in a large release
of Mn(II). There is a direct correlation between the concentration of DFOB hydrolyzed
([acetate]) and the amount of Mn(II) released, and it is determined that DFOB is the primary
source of Mn(II) release into solution. While this linear correlation of inner-spherically
complexed DFOB and the subsequent release of Mn(II) is observed, the exact ratio of DFOB to
Mn(II) is unknown. This is because the exact mechanism of the oxidation of DFOB is unknown
and oxidized DFOB fragments could contribute to further dissolution of minerals, without an
exact understanding of these elementary reactions86. In addition, it is not clear how many
hydroxamate groups bind inner-spherically or how many metal centers participate in
coordination. In this study, approximately 4 Mn(II) atoms were released into solution per every
DFOB molecule that inner-spherically adsorbed to the surface. These results compare well with
previously reported results. With manganite, the Mn(II) released after DFOB promoted
dissolution was 3 to 4 times higher than the amount of DFOB participating in inner-sphere
complexation86. When DFOB dissolved hematite, ferric ions were released in a 3:1 ratio to
DFOB molecules53. These results confirm that one possible mechanism for DFOB sorption is
through inner-sphere complexation and that the mechanism for DFOB is independent of the
presence of U(VI).
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Figure 26: Concentration of Mn released from the inner-sphere adsorption of DFOB at pH 6 as a
function of hydrolyzed DFOB. Hydrolyzed DFOB concentration was set equal to concentration
of acetate in samples. Linear fit was applied to obtain the slope. Error bars represent relative
standard deviation from triplicate samples.

3.1.2.3. Adsorption Using Terminal Amine Group
After solidifying one potential mechanism for the unaccounted for DFOB, the second
proposed adsorption mechanism is examined. The second mechanism is an electrostatic
adsorption of DFOB, through its protonated amine group leaving 3 hydroxamate groups open to
complex with U(VI). If this holds true, the concentration of U(VI) sequestered during sorption
can be set equal to the DFOB that is electrostatically adsorbed to the surface. This will be
denoted as DFOBSorbed. Combining the concentration of hydrolyzed DFOB with the
concentration of electrostatically adsorbed DFOB should allow for an accounting of DFOB
initially introduced into the system. The mass balance will be attempted, and a definition of
terms used is:
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Table 4: Definition of terms for each portion of DFOB involved in separate proposed
mechanisms
Term

Definition

DFOBSupernatant

DFOB that remained intact in aqueous phase; no interaction with surface

DFOBHydrolyzed

DFOB inner-spherically adsorbs and subsequently hydrolyzes; set equal to
[acetate]

DFOBSorbed

DFOB left electrostatically adsorbed to surface; set equal to [U(VI)Sorbed]

DFOBInitial

DFOB initially introduced into the system

Since we draw the conclusion that there are only 3 possible fates of DFOB, then the
DFOBSupernatant, DFOBHydrolyzed, and DFOBSorbed should equal DFOBInitial. Table 3 shows that the
addition of these portions together at pH 6 give comparable values to the known [DFOB]Initial. In
this analysis, a 1:1 ratio was assumed for complexation U(VI) to DFOB; however, it is possible
that not every DFOB molecule adsorbed electrostatically is also complexed to U(VI). At pH 6,
the adsorption of U(VI) to pyrolusite in the absence of DFOB is negligible and was therefore not
accounted for in this mass balance.
Table 5: Mass balance of DFOB after sorption onto pyrolusite at pH 6.
1
2
[DFOBsupernatant] [DFOBHydrolyzed]
(µM)
(µM)
37
14

3
[DFOBSorbed]
(µM)
24

26

12

14
2.0

75 (± 4)

[DFOB]initial
(µM)
78

22

60 (± 4)

60

11

15

40 (± 1)

37

8.4

8.6

19 (± 0.5)

12
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Total of 1, 2, 3

To further investigate the possibility of two mechanisms for DFOB, a mass balance was
attempted at pH 3.5 and pH 8. Both of these experiments were performed with an initial DFOB
concentration of 37 µM. For pH 3.5 and pH 6, the amount of U(VI) adsorbed in the absence of
DFOB was negligible (only 3-5% of total U(VI)). However at pH 8, due to the large increase in
the sorption of U(VI) when un-complexed (25% of total U(VI)), this value had to be accounted
for when determining how much adsorbed U(VI) is solely a result of DFOB in the system. For
pH 8, this amount of [U(VI)]Sorbed was then determined by subtracting the U(VI) adsorbed
without DFOB present from the total U(VI) adsorbed when DFOB was present in the system.
Using the change in the U(VI) that is attributed to DFOB, a better mass balance is achieved. This
indicates that pyrolusite has the ability to sequester U(VI) with and without the assistance of
DFOB, and these two individual mechanisms do not compete with each other.
Table 6: Mass balance of DFOB at pH 3.5 and 8.
pH [DFOBInitial]
(µM)
pH 3.5 37
pH 8 37

1
2
3
[DFOBSupernatant] [DFOBHydrolyzed] [DFOBSorbed] Total of
(µM)
(µM)
1, 2, 3
(µM)
(µM)
0

47

1.3

48 (± 7)

25

7.0

4.8

37 (± 5)

The mass balance for both pH 3.5 and pH 8 can be justified using the two proposed
mechanisms of DFOB sorption. For pH 3.5, the largely positive surface would not accommodate
electrostatic attraction from either a charged DFOB molecule or U(VI) therefore the inner-sphere
mechanism is dominant94. For pH 8, U(VI) can adsorb independently, and electrostatic sorption

46

of DFOB (still complexed to U(VI)) becomes more important. There is still inner-sphere
complexation and hydrolysis of DFOB, but the increase in the amount of U(VI) adsorbed as a
result of DFOB demonstrates the two mechanisms.
Experiments that altered the ionic strength of the supernatant at pH 6 using NaClO4 were
performed in order to investigate if ionic strength affects the ability of U(VI) and U(VI)-DFOB
to be sequestered by pyrolusite. For both U(VI) and DFOB, there was no change in the
adsorption throughout the range of ionic strength studied (Figure 27). For some metals, increased
ionic strength leads to an increase in mobility and less adsorption on to minerals97. This is due to
the electric double layer that forms when a charged surface in aqueous environment attracts
counterions to balance charge98. Electrostatic adsorption occurs in this double layer and the
thickness of the layer is inversely proportional to the ionic strength98. As the ionic strength in this
experiment was increased, the double layer thickness decreased, typically making adsorption of
metals less likely. This is not observed for U(VI) or DFOB, and these results can be justified
based on the proposed mechanisms. For U(VI), the adsorption occurs via DFOB and U(VI) (with
the exception of a small amount at pH 8) is not coming into contact with the mineral surface.
Ionic strength would not affect U(VI) alone but would only affect it through the adsorption of
DFOB.
For DFOB, a few explanations exist for the observed behavior. The first is that DFOB is
a large organic molecule and because of its size and multiple functional groups, it may not
adhere the same behavior observed when small metals are being studied99, 100. The second
explanation is the ambiguity for sorption of the protonated amine group. When Siebner-Freibach
(2006)50 studied the infrared spectra of adsorbed DFOB, the presence of characteristic bands
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were related to different methods of -NH3+ adsorption. The first band showed a fraction of NH3+
groups adsorbed via a water molecule. The second band showed a fraction of NH3+ directly
bound to oxygen atoms on the mineral surface. Heating had no effect on the NH3+ that was
directly bound to oxygen and the NH3+ was much more strongly adsorbed when bound directly to
the oxygen. The NH3+ adsorbing onto pyrolusite could also be interacting through more than one
way, with varying strengths of attraction and influence from environmental changes.

Figure 27: DFOB and U(VI) adsorption onto pyrolusite with differing ionic strengths. Ionic
strength is plotted as the -log of [NaClO4]. Error bars represent relative standard deviation from
triplicate samples.

Recovery experiment were performed at pH 6 and pH 2, by using ultrapure water and
0.01M HCl, respectively. In both cases, there was no DFOB detected in the supernatant after the
recovery experiments. For pH 6, this was rather expected since we hypothesized that most DFOB
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is held on the surface of pyrolusite by inner sphere complexation, and water would not be able to
recover DFOB due to its subsequent hydrolysis and fragmentation. This method would only be
able to recover the DFOB adsorbed to the surface, which at pH 6 was around half of the
unaccounted for DFOB. Furthermore, detection limits of U(VI) is lower than that of DFOB
which allows us to detect those smalls amounts that we may not be able to see using DFOB
analysis methods. At pH 2, the absence of DFOB cannot be attributed to a specific reason, since
due to the high acidity, DFOB may have degraded and hence, the Fe(III) complexation method
may not be able to detect it. On the other hand, there was recovery of U(VI) in both cases (Table
7).
Table 7: U(VI) extracted from surface of pyrolusite with deionized water and 0.01 M HCl
Solution added to dried
substrate
10 mL, deionized water pH 6

Concentration of U(VI)
recovered (µM)
2.7 ± 0.1

Percentage of sorbed U(VI)
recovered (%)
11 ± 1

10 mL 0.01 M HCl, pH 2

11 ± 1

51 ± 7

The concentration of U(VI) recovered in the water suspension (pH 6) accounted for 11% of the
originally adsorbed U(VI), whereas 51% of the originally adsorbed U(VI) was recovered at pH 2
using HCl. The U(VI)-DFOB complex is strong and stable in pH 6 water. At pH 2, some U(VI)
recovered in the aqueous phase could be due to degradation of the complex. Surprisingly, the
high concentration of the acid was not enough to provide full recovery of U(VI) back in the
aqueous phase, supporting further the argument that U(VI) is sequestered on the surface of
pyrolusite by strong binding.
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3.1.3 Isotherms
Isotherms for both DFOB, U(VI) and U-DFOB complex were performed at pH 6 at 5
different concentrations. In addition to looking at the complexed vs uncomplexed effect, the
order of addition was also studied to see if the enhancement of U(VI) sorption relied on being
introduced while complexed to DFOB. Samples spiked first with only un-complexed DFOB
were spiked post sorption with U(VI) in a 1:1 ratio to DFOB still present in the supernatant.
Sorption of U(VI) showed no difference whether introduced when complexed or introduced after
free DFOB was allowed to interact with the substrate. It was observed that DFOB sorption was
unaffected after the addition of U(VI). These results support the hypothesis that U(VI) sorption
on pyrolusite is facilitated by DFOB and it is likely due to a ternary surface complex, where
DFOB sorbs to the mineral surface first, then complexes with U(VI). This type of surface ternary
complex has been observed before with other ligands101. An example of this ternary complex is
the aforementioned electrostatic adsorption of DFOB, which in turn complexes with U(VI). The
results also showed a trend of higher percent of both constituents adsorbed as the initial
introduced concentration was decreased, with the enhancement of U(VI) consistent at all
concentrations. These results are shown in Figure 29 for DFOB and Figure 30 for U(VI).
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Figure 28: Sorption of DFOB at pH 6 plotted as % of initial DFOB concentration (µM) adsorbed
vs. initial DFOB concentration (µM). Error bars represent relative standard deviation from
triplicate samples

Figure 29: Sorption of U(VI) at pH 6 plotted as % of initial concentration (PPM) sorbed vs.
initial U(VI) concentration (PPM). Error bars represent relative standard deviation from triplicate
samples
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A second set of isotherms were developed where the DFOB examined is the DFOB
presumed to be remaining adsorbed on the surface of the pyrolusite. This means that the
concentration of DFOB hydrolyzed has been subtracted since it no longer remains adsorbed onto
the surface of the mineral. After subtracting for DFOB hydrolyzed, the isotherms were plotted
(Uptake as a function of equilibrium concentration) and they are presented in Figures 31 and 32.
The uptake is defined as the milligrams of adsorbed DFOB (or U(VI)) per gram of pyrolusite and
was calculated as 𝑄 =

(𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝐶𝑓𝑖𝑛𝑎𝑙 ) 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑔)

. The shapes of each isotherm give information

about the adsorption behavior of both DFOB and U(VI). For DFOB, the trend appears linear and
does not reach a plateau. This means that the sorption capacity of pyrolusite for DFOB is large
and in the concentration, range studied, there is no saturation of DFOB observed. It exhibits a
“C” type isotherm where the ratio of compound remaining in solution and adsorbed to the
surface is constant for all concentration values studied102. For U(VI), a slight departure from
linearity is observed which could indicate the formation of a plateau as the equilibrium
concentration of DFOB increases. This isotherm exhibits an “L” type or Type I Langmuir
isotherm, where the plateau represents a progressive saturation of the substrate102. Since DFOB
is the primary sorbate at pH 6 and U(VI) is only adsorbed as a result of DFOB adsorption, it is
reasonable that U(VI) could reach saturation before DFOB does. DFOB molecules may adsorb
onto pyrolusite and while it has hydroxamate groups open for complexation, this complexation
may not be favored due to steric hindrance from other DFOB molecules adsorbed close by.
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Figure 30: Isotherm of DFOB sorption excluding hydrolyzed DFOB at pH 6. Q is mg of DFOB
adsorbed per gram of pyrolusite. Error bars represent relative standard deviation from triplicate
samples.
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Figure 31: Isotherm of U(VI) sorption enhanced by DFOB at pH 6. Q is mg of U(VI) adsorbed
per gram of pyrolusite. Error bars represent relative standard deviation from triplicate samples.

3.2 Uranium Sorption on Manganite in the Presence of DFOB
3.2.1. Effect of pH
Adsorption of DFOB and U(VI) on manganite as a function of pH was investigated, for
both components individually, as well as for the U(VI)-DFOB complex. Adsorption onto
manganite revealed very noticeable differences in the behavior of both U(VI) and DFOB
compared to pyrolusite. In manganite studies, sorption experiments were limited to pH 6 and 8,
since they are more environmentally relevant than pH 3.588. The first noticeable difference is in
the adsorption of U(VI) where unlike on pyrolusite, the percentage adsorbed is very high:
approximately 84% of U(VI) is adsorbed at both pH values (Figure 33). The second major
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difference between the two substrates is that there is no significant difference between the
adsorption levels for U(VI) in the presence and absence of DFOB. At pH 6, the adsorption
percentage was found 84 ± 1% for complexed and 85 ± 2% for uncomplexed U(VI) and at pH 8,
86 ± 3 % U(VI) adsorption and 92 ± 4% U(VI) adsorption were measured for U-DFOB and
U(VI), respectively.. The mobility of U(VI) in the presence of manganite is therefore unaffected
by the presence of DFOB.

Figure 32: U(VI) adsorption as a function of pH in the presence and absence of DFOB. Error
bars represent relative standard deviation from triplicate samples.

Another notable difference between manganite and pyrolusite is the sorption levels of
DFOB on the minerals. In Figure 34, we make the same distinction as in pyrolusite: we refer to
the DFOB as “unaccounted” and not as “adsorbed”. The DFOB disappearance from the
supernatant could be attributed to sorption onto the mineral surface or hydrolysis, as it will
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explained in detail later. The overall disappearance percentages of DFOB observed, are lower in
the case of manganite when compared to pyrolusite. At pH 6, DFOB disappearance was found to
be 47 ± 2 % when complexed to U(VI), whereas at pH 8, only 22 ± 5% disappearance was
measured. Furthermore, for both pH 6 and pH 8, DFOB disappearance is enhanced when U(VI)
is present: 82% and 72% respectively. In the case of manganite, it seems that U(VI) is the driver
of DFOB adsorption and therefore, the mechanism for DFOB adsorption depends on the
presence of U(VI) to an extent.

Figure 33: DFOB sequestration a function of pH by manganite at different pH values. 37 uM
initial concentration of U(VI) or U-DFOB complex. Error bars represent relative standard
deviation from triplicate samples.
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3.2.2. Mechanisms for U(VI) and DFOB Adsorption on Manganite
As previously done with pyrolusite, an attempt was made to elucidate the adsorption
mechanisms of both U(VI) and DFOB onto manganite. The differences in the pH trial results
from pyrolusite allows for the elimination of some of the mechanisms proposed for pyrolusite.
The first difference is that there are negligible hydrolysis products in the supernatant. As
mentioned in the pyrolusite section, acetate is a primary hydrolysis product of DFOB upon innersphere complexation with the mineral surface. When the supernatant from the manganite
adsorption experiments were examined, there was minimal concentration of acetate present
compared to acetate levels detected in the pyrolusite samples. These values are summarized in
Table 8. These low values of acetate allow us to rule out the inner-spherical adsorption of DFOB
as a major mechanism for the DFOB disappearance at pH 6 and pH 8.
Table 8: Concentration of acetate detected in manganite suspensions. DFOB initial concentration
was 37 µM added to 10 mg of manganite. Experiments were performed in triplicate.
pH

Acetate (µM)

6

1.1 ± 1

8

0.94 ± 0.5

Moreover, U(VI) adsorption is not affected at both pH values by the presence of DFOB.
Therefore, the possibility of a ternary surface complex in the form of =surface-ligand-metal as
seen in pyrolusite can be disregarded. An additional mechanism that can be eliminated is the
adsorption of an intact U(VI)-DFOB molecule, based on the following observation: there is not a
1:1 ratio of concentrations of DFOB and U(VI) adsorbed. Since they form a complex in a 1:1
ratio, the disappearance of both entities would be 1:1 if they were adsorbing as an intact species.
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The concentration of adsorbed U(VI) and DFOB at pH 6 is 30µM and 16µM, respectively. The
difference in adsorbed concentration gets larger at pH 8, with 31µM of U(VI) being adsorbed,
while only 7.1µM of DFOB is adsorbed. In addition, the U(VI) adsorption is constant at both pH
values, while only the DFOB adsorption is changing with the pH. If the adsorption happened as
an intact complex, both entities would be affected as the overall speciation changed as a result of
pH.
Since the adsorption of an intact complex does not explain the observed results, and the
results cannot be explained by the same surface-ligand-metal “bridging” seen with pyrolusite,
new potential mechanisms need to be examined. In literature, there are three frequently
mentioned orientations for the adsorption of metal-ligand complexes onto mineral surfaces101, 103106

, summarized in Figure 34.

Figure 34: Possible adsorption mechanisms of metal-ligand complexes. Type I involves
adsorption through the metal, Type II involves adsorption only through ligand active groups, and
Type III involves the interaction of both metal and ligand active groups to the surface. “S”
represents surface functional sites.
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The first orientation is one in which the metal directly adsorbs to the mineral. This can
occur if the mineral surface groups can exchange their OH- with the metal-ligand complex or the
metal interacts directly with the =SO- groups101. In addition, for this mechanism to occur, the
coordination shell of the metal must not be completely filled with donor atoms of the ligand (i.e.
U(VI) would not be complexed with all 3 of DFOB’s hydroxamate groups)101. Adsorption in this
manner gives a “metal-like” behavior, with adsorption increasing with an increase in pH103. The
second orientation involves a ligand that can be adsorbed directly to the mineral surface and has
additional active groups capable of forming a ligand bridge between the surface and the metal
cation. Adsorption in this manner is “ligand-like” with increasing adsorption as pH decreases103.
In the final orientation, the metal and ligand can both complex on the mineral surface and those
surface sites are in close enough proximity so that the metal can stay complexed to the ligand.
This leads to adsorption that exhibits both “metal-like” and “ligand-like” behavior103.
Since it has already been determined that DFOB does not affect the adsorption of U(VI),
Type II adsorption can be disregarded as a possible mechanism. This leaves Type I and Type II
as potential options for the ability of U(VI) to enhance DFOB adsorption. Furthermore, based on
the opposing trends between U(VI) adsorption (increasing with increasing pH) and DFOB
adsorption (decreasing with increasing pH), Type III seems the more likely possibility as both
metal and ligand like adsorption is observed. For Type I to be a valid mechanism, U(VI) would
be the driver behind DFOB adsorption, and the trends would be similar between the two. Type
III, on the other hand, would first require that U(VI) directly adsorbs to manganite through
negatively charged surface groups and it also interacts with DFOB through only 1 or 2
hydroxamate groups. DFOB is then brought into close proximity to the surface through its
complexation with U(VI), but also has additional active groups capable of adsorbing to the
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surface. As was discussed with pyrolusite, in addition to its hydroxamate groups, DFOB can
adsorb through the protonated amine group or through its secondary amide group, without
disruption to its metal binding ability50. Either of these active groups could be used to support a
Type III mechanism.
When examining whether a cation-like adsorption through the protonated amine group or
hydrogen bonding through the secondary amide group is more likely to be responsible for DFOB
adsorption to manganite, the most important factor to consider is the trend of adsorption of
DFOB as the pH increases from 6 to 8. This decrease is consistent with “ligand-like” behavior103.
As seen with pyrolusite, adsorption through the protonated amine group is cation-like and
increased with the increasing pH. Since the adsorption is characteristically “ligand-like”, the
secondary amide groups could be the source of DFOB adsorption. Secondary amide groups have
a demonstrated ability to form hydrogen bonds through their carbonyl oxygen serving as a
hydrogen acceptor107, 108.

Figure 35: Secondary amine group in DFOB hydrogen bonding with OH2+1/2 surface groups on
manganite.
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The surface charges of manganite can be summarized into one equation:
=MnOH2+1/2↔ =MnOH-1/2
with the proportion of negative sites becoming larger as the pH increases. The MnOH2+1/2 group
is more favorable to hydrogen bonding because each hydrogen has a smaller share of the
electrons than its MnOH-1/2 counterpart104. Therefore, if DFOB adsorbs through hydrogen
bonding, adsorption should be higher when the MnOH2+1/2 are in greater abundance (i.e. at lower
pH values). As MnOH2+1/2 sites become sparser, less sites are available for DFOB to hydrogen
bond to which could explain why the DFOB adsorption decreases from pH 6 to 8.
The last part of the mechanism that needs to be explored is why the adsorption
concentration of DFOB is much lower than that of U(VI). The mechanism can theoretically
accommodate 1 DFOB molecule per U(VI) atom adsorbed to the surface, especially since both
pH values are below or at the point of zero charge, pH 879, leading to both negative and positive
surface sites79. One limitation to this mechanism is that it requires the presence of two adjacent
sites that allow for bonding of both the metal and the ligand104. This requirement could eliminate
many surface sites if they if they do not have an oppositely charged adjacent site. In addition,
DFOB is a bulky ligand and is prone to steric hindrance84. U(VI) may be able to bring DFOB
into close proximity to the manganite surface, however steric hindrance could make it unable to
adsorb to the surface in a physically stable manner. This could explain why not every U(VI)
atom is complexed to one DFOB molecule.
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CHAPTER FOUR: CONCLUSIONS
4.1. Closing Remarks
Due to uranium contamination in the environment and its related negative health effects,
there is a need to understand its environmental behavior in order to develop efficient and
sustainable remediation and natural attenuation methods. Among these potential methods is
adsorption of U(VI) to reactive minerals. It is necessary to understand the interactions between
U(VI), commonly occurring minerals, and naturally occurring organic molecules. This study
provided insight into the role that common siderophore DFOB plays in the mobility of U(VI) in
and its interaction with manganese oxide minerals.
As part of the first research objective, the adsorption of U(VI) in the presence and
absence of DFOB onto pyrolusite was examined. When U(VI) was introduced in the absence of
DFOB at pH 3.5 and pH 6, pyrolusite did not show any retention for U(VI) (only 3-5%
adsorption). At pH 8, the adsorption of U(VI) was higher at 25%. This behavior is consistent
with expected metal adsorption where adsorption increases with increase in pH due to surface
charge distribution becoming more negative. Pyrolusite at higher pH values (above the point of
zero charge, 6) has the ability to affect the mobility of U(VI) in aqueous solution but is only
capable of sequestering small percentages of the total U(VI). When U(VI) was introduced into
the system while complexed to DFOB, there was an enhancement of the amount of U(VI)
adsorbed onto pyrolusite at pH 6 and pH 8 leading to a resulting adsorption of 25% and 40%
respectively. When DFOB is present in the environment it can facilitate the retention of U(VI) by
pyrolusite, contributing this way to enhanced uranium natural attenuation. DFOB itself also
undergoes structural changes: at pH 3 and pH 6, DFOB underwent hydrolysis, producing acetate
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and succinate that were both released into aqueous phase. This degradation of DFOB is
important because DFOB is an essential molecule in order to maintain microbial life109.
Pyrolusite can decrease the concentration of DFOB in soil, limiting the potential iron intake by
microbes.
The second research objective aimed at proposing mechanisms by which U(VI) and
DFOB adsorb to pyrolusite. These mechanisms were developed by applying DFOB binding
modes from literature38, 50. The presence of acetate and succinate is reported to be the result of
inner-sphere adsorption between DFOB’s hydroxamate groups with metal centers on the mineral.
This was the dominant mechanism of DFOB adsorption at pH 3.5. This mechanism did not
participate in the enhancement of U(VI) adsorption because as the molecule degrades, it loses its
ability to complex with U(VI). The second mechanism was attributed to the increased U(VI) and
based on increased adsorption with the increasing pH, exhibited cation-like adsorption behavior
from the protonated terminal amine group. This electrostatic interaction only involves the
terminal amine group and DFOB retains its ability to complex to U(VI). A mass balance was
performed by combining these two proposed mechanisms to account for the fate of DFOB and
obtained values within 10% of the starting DFOB concentration for both pH 6 and pH 8. The
mechanisms for DFOB adsorption to pyrolusite were consistent with literature confirming
DFOB’s ability to adsorb through its hydroxamate groups and terminal amine group50.
The final research objective was to compare the adsorption behavior of U(VI) and DFOB
onto pyrolusite with manganite. Because nodules of manganese minerals formed in nature
contain many phases, it is useful to examine U(VI) adsorption with other forms of manganese
minerals60. In the case of manganite, DFOB had no effect on the sorption of U(VI) at pH 6 and
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pH 8. If DFOB is present in the soil and in aqueous solution, the mobility of U(VI) is not
affected. U(VI), in contrast to pyrolusite, enhances the adsorption of DFOB. The adsorption
mechanism for DFOB relies on U(VI) acting as a conduit between the molecule and the mineral
surface. In literature, two metal-ligand adsorption mechanisms could be possible103. One in
which U(VI) adsorbs to the surface while complexed to DFOB which has no interaction with the
surface. This is not likely to be occurring due to the opposite trends in adsorption as a function of
pH for each component. The more likely mechanism is one in which through U(VI) adsorption,
DFOB is brought into close contact with manganite, at which point it can use its secondary
amide groups to hydrogen bond with positively charged surface sites. This explains the trend of
decreasing adsorption as pH increases. Comparing manganite with pyrolusite shows the
versatility of DFOB to interact with minerals. It also shows that depending on the substrate, the
presence of both DFOB and U(VI) can have effects on the availability of each component. When
organic ligands are present, the ability of a sorbate to sequester U(VI) increasing its mobility.
4.2. Future Work
The electrostatic adsorption mechanism that was proposed for DFOB onto pyrolusite can
be further investigated by repeating adsorption experiments with desferrioxamine-D1 (DFO-D1),
shown in Figure 37. This molecule is a derivative of DFOB where a terminal amine group proton
is replaced by an acetyl group. This derivative was used by Kraemer et. al. (1999)110 to
investigate if electrostatic adsorption of DFOB onto goethite occurred.
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Figure 36: Derivatization of DFOB to DFOD1 by replacement of terminal amine proton with
acetyl group110.

By using DFO-D1, the possibility of cation-like adsorption through the terminal amine
group is eliminated. If adsorption does not occur (with the exception of inner-sphere adsorption
producing hydrolysis products), then the proposed electrostatic adsorption can be further
confirmed. If there is still an observed adsorption of DFOB, then the possibility of ligand-like
adsorption can be inferred. If ligand-like adsorption did occur with pyrolusite, it would be
analogous to the adsorption mechanism proposed for manganite.
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